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Abstract. Hepatic ischemia‑reperfusion injury (HIRI) often 
occurs following surgical procedures such as liver resection 
and transplantation. However, despite its clinical prominence, 
to the best of our knowledge, there remain no effective strate‑
gies to treat HIRI. Therefore, the aim of present study was 
to identify therapeutic agents that can exert beneficial effects 
against HIRI. The present study found that following hepatic 
IR modeling in mice, gastrodin (Gas) pretreatment improved 
the IR outcomes in terms of the serum biochemical indexes 
(alanine transaminase and aspartate transaminase), tissue 
biochemical indexes (superoxide dismutase, malondialde‑
hyde and reduced glutathione content) and tissue pathology 
(H&E staining). In addition, compared with those in the 
IR + vehicle group, the IR + Gas group showed upregulated 
expression levels of nuclear erythroid 2‑related factor 2, 
heme oxygenase 1 and Bcl‑2 as detected by western blot‑
ting and reverse transcription‑quantitative PCR. The mRNA 
and protein expression levels of Bax and caspase‑3 were 
downregulated in the IR + Gas group compared with the 
IR + vehicle group. Concurrently, no significant differences 
were observed in the parameters between the Sham + vehicle 
and the Sham + Gas groups, indicating that Gas pretreatment 

may not cause liver damage. In conclusion, the findings of the 
present study revealed that Gas pretreatment exerted a protec‑
tive effect in HIRI through both antioxidant and anti‑apoptotic 
mechanisms. 

Introduction

Hepatic ischemia‑reperfusion injury (HIRI) generally occurs 
during hemorrhagic shock, hepatectomy and liver transplanta‑
tion (1). In the United States, liver transplantation accounted 
for ~23% transplant procedures in 2015, where one of the most 
formidable barriers to successful liver transplantation is isch‑
emia‑reperfusion injury (2). However, despite the prominent 
clinical presence of HIRI, there are currently no effective 
drugs available to prevent IR injury.

During hepatic IR, liver injury caused by hypoxia is further 
exacerbated by the restoration of blood flow  (3). A large 
number of free radicals and reactive oxygen species produced 
as a result of IR, including superoxide, hydrogen peroxide and 
hydroxyl radicals, have been shown to exert serious deleterious 
effects on hepatocytes  (4,5). During the oxidative stress 
reaction, the nuclear erythroid 2‑related factor 2 (Nrf2)/heme 
oxygenase (HO)‑1 pathway is one of the most important anti‑
oxidant systems (6). It has also been reported that apoptosis 
induced by mitochondrial permeability transition (MPT) leads 
to caspase (CASP) activation and that MPT also serves an 
important role in the pathogenesis of IR injury (7). Therefore, 
it was hypothesized that suppressing apoptosis and oxidative 
stress following acute injury may be key to treating hepatic IR. 

Gastrodin is an organic compound that can be extracted 
from the dried root blocks of the orchid plant Gastrodia elata 
Blume, which has a long history of clinical application in 
Chinese medicine  (8,9). Gastrodin (Gas; PubChem CID, 
115027; Fig. S1) is the major active ingredient in Rhizome 
Gastrodiae. According to previous studies, Gas has been 
found to protect liver cells, neurons and cardiomyocytes by 
inhibiting oxidative stress and parenchymal apoptosis (4,10); 
however, to the best of our knowledge, no studies have inves‑
tigated its role in hepatic IR. As such, regarding the potential 
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application of Gas, the present study aimed to investigate the 
role and mechanism of action of Gas pretreatment at various 
times during hepatic IR in mice by constructing a mouse 
hepatic IR model.

Materials and methods

Animal studies. A total of 48 6‑week‑old male (20‑23  g) 
C57/BL6 mice were purchased from Shanghai Slark 
Laboratory Animal Co., Ltd. The animals were housed in a 
pathogen‑free animal room at the Hubei Animal Experiment 
Center of Tongji University at 25±3˚C and 55±5% humidity, 
with a 12‑h light/dark cycle, a standard experimental diet and 
free access to drinking water. Forty‑eight C57/BL6 mice were 
randomly divided into four groups (12 mice/group): i) Gas (cat. 
no. 62499‑27‑8; MedChemExpress) pretreatment + hepatic IR 
model (IR + Gas group), whereby 300 mg/kg/day Gas, the dose 
reported in the literature (4), was continuously administered 
into the stomach for 8 days prior to the establishment of the 
hepatic IR model; ii) hepatic IR model (IR + vehicle group), in 
which an equal volume of normal saline was administered to 
the stomach for 8 consecutive days prior to the establishment 
of the hepatic IR model; iii) Gas pretreatment + sham group 
(Sham + Gas group), whereby Gas was continuously adminis‑
tered to the stomach for 8 days, then the abdominal cavity was 
opened and the portal vein, hepatic vein and hepatic artery were 
simply separated to simulate a sham operation; and iv) sham 
operation group (Sham + vehicle group), whereby an equal 
volume of normal saline was administered to the stomach for 
8 days prior to the sham operation. Following 2 and 24 h of 
modeling, six mice were randomly selected from each group. 
The mice were euthanized by overdoes of inhalant anesthetics, 
followed by exsanguination under anesthesia to ensure death. 
When the mice showed no respiration, no heartbeat and no 
response to any external stimuli, they were considered dead. 
Samples required for testing were collected.

Establishment of hepatic IR model. Prior to the experimental 
procedure, the mice were fasted for 12  h and were kept 
water‑free for 4 h. The model of hepatic IR in male mice 
was established using the Pringle's method (11). The mice 
were anesthetized by inhalation of isoflurane (oxygen flow 
rate, 1.0 l/min; induction dose, 3%; maintenance dose, 2%). 
Then the mice were placed on the operating table and the 
abdominal cavity and liver was exposed along the white line 
of the abdomen. Microvascular forceps were used to clamp the 
vessels in the left and middle lobe of the liver, causing 70% 
liver ischemia. The color of the left lobe liver and middle lobe 
liver tissue immediately changed from reddish brown to light 
red. Following 60 min of ischemia, the microvascular forceps 
were removed to restore the liver blood supply and at the same 
time, restore the anatomical position of the abdominal organs. 
The abdominal wall was sutured with double layers and the 
mouse liver IR model was successfully constructed.

H&E staining. Liver segments from the left lobe of the liver 
from each group of mice were cut, fixed with 4% paraformal‑
dehyde for 24 h at room temperature, routinely dehydrated 
at room temperature using an increasing ethanol gradient 
followed by xylene. The sections were then embedded in 

paraffin and cut into 5‑mm‑thick tissue sections. The sections 
were subsequently stained with H&E (hematoxylin was stained 
for 5 min, 1% HCl ethanol for 1‑3 sec and eosin staining for 
3 min, all at room temperature) and visualized using a Nikon 
light microscope at x400 magnification (Nikon Corporation). 
The severity of liver pathological damage was evaluated using 
the Suzuki standard method (Table SI) (12). Three experienced 
pathologists scored each sample in a blinded manner.

Tissue and serum indicators. Serum was obtained at 2 and 
24 h following the operation. Alanine transaminase (ALT) 
and aspartate transaminase (AST) levels in the serum were 
detected using ALT and AST kits (cat. nos. C009‑2‑1 and 
C010‑2‑1, respectively; Nanjing Jiancheng Bioengineering 
Institute), according to the manufacturer's protocol. The 
content of superoxide dismutase (SOD), malondialdehyde 
(MDA) and glutathione (GSH) in the liver tissues was 
analyzed using SOD, MDA and GSH kits, respectively (cat. 
nos. A001‑3‑2, A003‑1‑2 and A006‑2‑1, respectively; Nanjing 
Jiancheng Bioengineering Institute).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the liver tissues of each group of 
mice using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). Total RNA was reverse transcribed into cDNA 
using PrimeScript™ RT Master Mix (Perfect Real Time; cat. 
no. RR036B; Takara Bio, Inc.). The temperature protocol were 
as follows: 37˚C for 15 min, 85˚C for 5 sec. RT‑qPCR was 
subsequently performed using TB Green® Premix Ex Taq™ 
(cat. no. RR042B; Takara Bio, Inc.). The full thermocycling 
conditions for qPCR are as follows: Initial denaturation 
at 95˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec 
and 60˚C for 30  sec. The primer sequences are presented 
in Tables SII and SIII. Expression levels were quantified using 
the 2‑ΔΔCq method (13) and normalized to β‑actin.

Western blotting. Western blotting was performed RIPA lysis 
buffer (Beyotime Institute of Biotechnology) from liver speci‑
mens. Equal amounts of protein (30 µg; quantified using the 
bicinchoninic acid protein assay) were separated using 10% 
SDS‑PAGE and then wet‑transferred onto a PVDF membrane 
(cat. no. IPVH00010; EMD Millipore). The membranes were 
blocked with 5% non‑fat milk for 1 h at room temperature and 
subsequently incubated with the following primary antibodies 
at 4˚C overnight: Anti‑Nrf2 (cat. no. 16396‑1‑AP; 1:1,000; 
ProteinTech Group, Inc.), anti‑HO‑1 (cat. no. 10701‑1‑AP; 
1:1,000; ProteinTech Group, Inc.), anti‑Bax (cat. no. ab32503; 
1:1,000; Abcam), anti‑Bcl‑2 (cat. no.  ab32124; 1:1,000; 
Abcam), anti‑CASP‑3 (cat. no.  ab32351; 1:1,000; Abcam) 
and anti‑β‑actin (cat. no. MA1‑140; 1:5,000; Thermo Fisher 
Scientific, Inc.). Following the primary antibody incubation, 
the membranes were incubated with the horseradish peroxi‑
dase‑conjugated goat anti‑rabbit IgG secondary antibody (cat. 
no. A0208; 1:10,000; Beyotime Institute of Biotechnology) 
and goat anti‑mouse IgG (cat. no. A0216; 1:10,000; Beyotime 
Institute of Biotechnology) at room temperature for 1 h. The 
protein bands were visualized by BeyoECL Plus (Beyotime 
Institute of Biotechnology). QuantityOne v4.6.6 software 
(Bio‑Rad Laboratories, Inc.) was used for analysis and the 
ratio of the gray value of the target protein band to the gray 
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value of the internal reference β‑actin protein band was used 
to represent the relative expression levels of the target protein. 

Statistical analysis. GraphPad Prism software (GraphPad 
Software, Inc.) and SPSS 19.0 software (IBM Corp.) were 
used for statistical analysis. One‑way ANOVA, followed by 
Bonferroni's correction or Tamhane's T2 post‑hoc test, was 
used to determine the statistical differences between groups. 
A Kruskal Wallis test, followed by post‑hoc Dunn's test, was 
used to evaluate non‑parametric data. All data are presented 
as the mean ± SEM, or median (25‑75th percentile). P<0.05 
was considered to indicate a statistically significant difference.

Results

Gas pretreatment alleviates the degree of liver IR injury in 
mice. H&E staining and a Suzuki's score were used to evaluate 
the liver histopathological changes of mice in each group. 
H&E pathological sections revealed that the Sham + Gas and 
Sham + vehicle groups had complete hepatic lobules without 
the presence of abnormal inflammatory cell infiltration, frag‑
ments or massive necrosis (Fig. 1A). No significant differences 
were observed in the Suzuki's score (Table I) and in serum 
ALT and AST levels (Fig. 1B). 

The pathological changes in the IR groups appeared to be 
different. Compared with the IR + vehicle group, the liver patho‑
logical changes, such as liver congestion, vacuole‑like changes 
and necrosis, were markedly alleviated in the IR + Gas group at 2 
and 24 h (Fig. 1A). Following Gas pretreatment, the pathological 
results of the IR + Gas group revealed that the structure of the 
liver lobules was intact, the red blood cell depositions in the 
central vein and hepatic sinuses were reduced, and the proportion 
of cytoplasmic vacuoles and necrotic cells were reduced. The 
IR + Gas group displayed a lower Suzuki's score and decreased 
serum levels of ALT and AST at 2 h post‑modeling, with the 
trends being the same at 24 h (Fig. 1; Table I).

Pathological and serological results confirmed that Gas 
pretreatment itself did not cause damage to the liver tissue 
and function. Gas pretreatment appeared to have reduced the 
occurrence of congestion, vacuole‑like changes and necrosis 
following hepatic IR. Therefore, subsequent experiments 
focused on the effect of Gas pretreatment on mice hepatic IR.

Gas pretreatment enhances the ability of mice to resist oxidative 
stress. Oxygen free radicals can attack polyunsaturated fatty 
acids in biofilms, decompose lipid hydroperoxides and damage 
liver tissue (14‑16). Following hepatic IR modeling, due to the 
effect of Gas, the liver SOD activity in the IR + Gas group was 
significantly increased at both the 2 and 24 h time‑points, while 
the MDA content was significantly decreased compared with 
that in the IR + vehicle group (Fig. 2). In addition, compared 
with those in the IR + vehicle group, liver GSH content in the 
IR + Gas group showed an upward trend at the time‑point of 
2 h without significant difference, but increased significantly 
at the time‑point of 24 h. 

To investigate whether Gas pretreatment enhanced the 
antioxidant capacity of normal mice, the Sham  +  vehicle 
group was compared with the Sham + Gas group. The results 
confirmed that the liver GSH content in the Sham + Gas 
group was significantly higher compared with that in the 

Sham + vehicle group (Fig. 2). Although there were no differ‑
ences observed in SOD activity and MDA content between 
the Sham groups; however, they were significantly changed 
following HIRI. The expression levels of the SOD gene were 
also analyzed; the results revealed that compared with the 
IR + vehicle group, SOD expression levels were significantly 
increased following Gas pretreatment (Figs. 3B and 4B).

Gas pretreatment upregulates Nrf2 and HO‑1 expression 
levels in the liver. Subsequently, the present study investigated 
whether Gas pretreatment affected the expression levels of 
liver Nrf2 and HO‑1.

At 2 h following hepatic IR modeling, compared with the 
IR + vehicle group, the HO‑1 expression levels in the liver of the 
IR + Gas group were significantly upregulated; however, there 
were no significant differences observed between Nrf2 mRNA 
and protein expression levels (Fig. 3A and B). However, at 24 h 
after hepatic IR modeling, the liver Nrf2 and HO‑1 expression 
levels in the IR + Gas group demonstrated similar changes, with 
significantly upregulated expression levels (Fig. 4A and B).

The expression levels of Nrf2 appeared to fluctuate over 
time, which was not only observed between the IR groups, but 
also between the sham groups (Figs. 3A and 4A).

Gas pretreatment improves the antiapoptotic ability of the 
liver through regulating the expression levels of Bax, Bcl‑2 
and CASP‑3. The present study also investigated the expres‑
sion levels of Bax, Bcl‑2 and CASP‑3 in the liver of each 
group of mice (Figs. 5 and 6). The results revealed that Gas 
significantly downregulated the expression levels of Bax and 
cleaved CASP‑3, while upregulating Bcl‑2 expression levels 
at 2 and 24 h post hepatic IR modeling (Figs. 5B and 6B). 
This trend was further confirmed at the protein expression 
level, as detected by western blotting (Figs.  5A  and  6A). 
Meanwhile, no significant differences were observed between 
the Sham + vehicle and the Sham + Gas groups (Figs. 5 and 6). 
These results suggested that Gas pretreatment may not cause 
damage to normal mice liver tissue. 

Discussion

Previous studies have reported that Gas improves the ability 
of cells to resist hypoxia and apoptosis, and exerts protective 

Table I. Suzuki's score of each group at different time‑points.

	 Suzuki's score
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group	 2 h	 24 h

Sham + vehicle group	 0.00 (0.00‑1.00)	 0.50 (0.00‑1.00)
Sham + Gas group	 0.00 (0.00‑1.00)	 1.00 (0.00‑1.00)
IR + vehicle group	 6.50 (5.50‑8.00)a	 7.00 (6.75‑8.00)a

IR + Gas group	 4.00 (4.00‑6.00)b	 5.50 (5.00‑7.00)b

Data are presented as the median (25‑75th percentile; n=6 mice/group 
at each time‑point). aP<0.001 vs. the Sham + vehicle group; bP<0.01 

vs. the IR + vehicle group. Gas, gastrodin; IR, ischemic‑reperfusion 
group.
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effects on the mouse heart and following cerebral IR (4,17‑19). 
As such, the present study aimed to determine the role of Gas 
in mice hepatic IR.

To determine the concentration and dosage of Gas 
pretreatment, previous literature reports were used  (4). 
A concentration of 300  mg/kg/day was administered by 
gavage 8 days before modeling and the changes in the related 
indicators were analyzed at 2 and 24 h. The results of the 
present study revealed IR caused significant pathological 
changes within the two time‑points by the end of the model, 
indicating that the hepatic IR model was established success‑
fully and that the liver tissue was severely damaged. Thus, 

the present study aimed to investigate the role of Gas precon‑
ditioning in HIRI.

Similar to previous studies, the levels of three biochemical 
indicators, SOD, GSH and MDA, were determined to evaluate 
the ability of antioxidative stress following Gas pretreat‑
ment  (20). The experimental results confirmed that Gas 
pretreatment significantly enhanced the antioxidative stress 
capacity following hepatic IR in mice. Therefore, these find‑
ings suggested that Gas pretreatment may help the mouse liver 
to accelerate the elimination of superoxide anion free radi‑
cals, stabilize enzymes containing thiol groups and prevent 
hemoglobin and other cofactors from oxidative damage 

Figure 1. GAS alleviates the severity of liver injury induced by IR. (A) Representative images of H&E staining of the liver sections following hepatic IR. 
Red arrows indicate congested areas, blue arrows indicate vacuolation areas and black arrows indicate necrotic areas. The numbers in the bottom left corner 
of each image indicate the Suzuki's scores. (B) Serum ALT and AST levels in mice at 2 and 24 h post‑modeling (n=6 mice). **P<0.01, ***P<0.001 vs. the 
Sham + vehicle group; #P<0.05, ##P<0.01 vs. the IR + vehicle group. GAS, gastrodin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; 
IR, ischemia‑reperfusion. 
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during HIRI. In addition, Gas increased the content of GSH 
in the liver of normal mice, suggesting an increased resistance 
to attacks from oxygen free radicals and reactive oxygen 
species. This effect was consistent with previously published 
studies (21,22).

A previous study has reported that Nrf2 regulates HO‑1 
expression levels by binding to antioxidative stress elements 
on the HO‑1 promoter (23). Nrf2 protected organisms from 
oxidative stress by regulating the expression levels of antioxi‑
dant enzymes (24). In addition, ischemic hypoxia stimulation 
has been shown to induce the production of HO‑1, which exerts 
protective antioxidant functions (6,25,26). Consistent with 
these findings, the present experimental results revealed that 
Gas pretreatment upregulated the mRNA and protein expres‑
sion levels of Nrf2 and HO‑1 at 24 h post hepatic IR modeling, 
with the two demonstrating a similar trend. However, compared 

with the Sham + vehicle group at 2 and 24 h post IR modeling, 
Nrf2 mRNA and protein expression levels in the IR + vehicle 
group were upregulated at first, but then decreased, whereas 
HO‑1 mRNA and protein expression levels demonstrated an 
upward trend. Therefore, there did not appear to be a similar 
trend between liver Nrf2 and HO‑1 expression levels in the 
IR + vehicle group at the 24 h time‑point after establishment of 
the model. However, pretreatment with Gas produced a similar 
change between Nrf2 and HO‑1 expression levels at 24 h post 
modeling, rather than at 2 h. This finding suggested that there 
may be another regulatory mechanism acting between Nrf2 
and HO‑1 under gastrodin action in the subacute time window 
(2‑24 h) following HIRI. According to a previous study, Gas 
promotes the nuclear transfer of Nrf2 (20). This phenomenon 
may explain the experimental results; however, the associated 
mechanism of action requires further research.

Figure 2. Gas pretreatment enhances the ability of mice to resist oxidative stress. (A) Liver tissue biochemical indexes of SOD, GSH and MDA at 2 h 
following hepatic ischemia‑reperfusion modeling. (B) Liver tissue biochemical indexes of SOD, GSH and MDA at 24 h following hepatic IR modeling 
(n=6 mice). *P<0.05, **P<0.01, ***P<0.001 vs. the Sham + vehicle group; #P<0.05, ##P<0.01 vs. the IR + vehicle group. Gas, gastrodin; GSH, glutathione; 
IR, ischemia‑reperfusion; MDA, malondialdehyde; SOD, superoxide dismutase.
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Necrosis has been considered as the main outcome of 
dying tissue cells from acute injury. However, this conclusion 
has not been confirmed after inhibition at key regulatory sites 
during necrosis in acute liver injury models (27). Concurrently, 
the process of apoptosis, another form of cell death, has 
attracted increasing attention. HIRI was significantly 
improved by inhibiting proapoptotic molecules, since apop‑
tosis is one of the predominant forms of liver cell death (28). 
Previous studies have revealed that by inhibiting c‑Jun NH2 
terminal kinase 2, the release of mitochondrial proapoptotic 
molecules was decreased (29,30), thereby reducing the apop‑
tosis of hepatocytes and markedly improving adverse IR 
events (3). In addition, Bax and Bcl‑2 regulate cell survival 
or resistance by promoting signal transduction (4). CASP‑3 
exists as a precursor and functions following its cleavage to 

cleaved CASP‑3 (31). Furthermore, the expression levels of 
CASP‑3 mRNA were identified to be upregulated in asso‑
ciation with the occurrence of apoptosis (32). Therefore, the 
present study investigated the relationship between Gas and 
the expression levels of the apoptosis‑related proteins, Bax, 
Bcl‑2 and CASP‑3. The experimental results revealed that 
Gas pretreatment may reduce the incidence of hepatocyte 
apoptosis.

In conclusion, the findings of the present study revealed 
that Gas pretreatment increased the content of GSH in the liver, 
enhanced the activity of SOD, upregulated the expression levels 
of antioxidant‑related genes Nrf2 and HO‑1, and regulated the 
expression levels of apoptosis‑related proteins, Bax, Bcl ‑2 and 
CASP‑3, thereby significantly alleviating HIRI. These results 
may provide insights into a novel therapeutic strategy for the 

Figure 4. Gas pretreatment upregulates Nrf2 and HO‑1 expression levels in the mice liver. (A) Western blotting was used to determine Nrf2 and HO‑1 protein 
expression levels at 24 h post hepatic IR modeling (n=3 mice). (B) Reverse transcription‑quantitative PCR was used to analyze the expression levels of Nrf2 and 
HO‑1 at 24 h post hepatic IR modeling (n=6 mice). *P<0.05, **P<0.01, ***P<0.001 vs. the Sham + vehicle group; #P<0.05, ##P<0.01, ###P<0.001 vs. the IR + vehicle 
group. Gas, gastrodin; HO‑1, heme oxygenase‑1; IR, ischemia‑reperfusion; Nrf2, nuclear erythroid 2‑related factor 2; SOD, superoxide dismutase.

Figure 3. Gas pretreatment upregulates Nrf2 and HO‑1 expression levels in the mouse liver. (A) Western blotting was used to determine Nrf2 and HO‑1 protein 
expression levels at 2 h following hepatic IR modeling (n=3 mice). (B) Reverse transcription‑quantitative PCR was used to analyze the expression levels of 
Nrf2, HO‑1 and SOD at 2 h post hepatic IR modeling (n=6). **P<0.01, ***P<0.001 vs. the Sham + vehicle group; #P<0.05, ##P<0.01 vs. the IR + vehicle group. 
Gas, gastrodin; IR, ischemia‑reperfusion; Nrf2, nuclear erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1; SOD, superoxide dismutase.
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clinical treatment and prevention of liver failure following liver 
surgery. 
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